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COMPARISON OF THE EXPERIMENTAL AERODYNAMIC 


CHARACTERISTICS OF THEORETICALLY 
AND EXPERIMENTALLY DESIGNED 
SUPERCRITICAL AIRFOILS* 

By Charles D. Harris 
Langley Research Center 

SUMMARY 

Experimental data have been obtained on a 10-percent-thick lifting airfoil theoreti- 
cally designed for shockless supercritical flow at a Mach number of 0.78 and a lift coef- 
ficient of 0.59 by utilizing a complex hodograph method. The data are compared with the 
experimental aerodynamic characteristics of an experimentally designed supercritical 
airfoil. At near-design conditions, agreement between the experimental aerodynamic 
characteristics of the two airfoils was good. Discrepancies in off-design characteristics 
indicate the necessity for evaluating off-design characteristics as part of the design proc- 
ess in order to realize the full potential of the complex hodograph method as a design tool. 
The results further suggest that a trade-off between minimum wave losses at the super- 
critical design point and acceptable off-design characteristics would be a more realistic 
design goal than a single-point shockless design goal. 

INTRODUCTION 

With the evolution of advanced technology aircraft (ref. 1), cruise speeds have been 
extended well into the supercritical speed range where extensive regions of supersonic 
flow exist on the wings. This evolution, combined with recent successes in achieving 
virtually shock-free flow in wind-tunnel tests of two-dimensional airfoils (for example, 
refs. 2 and 3), has given impetus to the development of a practical approach to the theo- 
retical design of transonic lifting airfoils with minimum wave losses. 

One approach has been the complex hodograph method for the design of shockless 
supercritical airfoils reported in reference 4. This mathematical approach was used by 
P. Garabedian of New York University to design an airfoil to be shock free (isentropic 
recompression) at a Mach number of 0.78, a lift coefficient of 0.59 and with a maximum 
thickness- chord ratio of about 0.10. The aerodynamic characteristics of this airfoil were 
then measured in the Langley 8-foot transonic pressure tunnel to evaluate experimentally 
the validity of the design technique. 
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This report presents the results of this wind-tunnel investigation and compares 
them with the aerodynamic characteristics of an improved supercritical airfoil (super- 
critical airfoil 26a, ref. 5) which was experimentally developed and refined through exten- 
sive wind-tunnel testing with attention to both design and off-design conditions. Theoreti- 
cal and experimental results of several other airfoils designed by use of the complex 
hodograph method of reference 4 are reported in references 6 and 7. 

SYMBOLS 


Values are given both in the International System of Units (SI) and in the U.S. Cus- 
tomary Units. Measurements and calculations are made in the U.S. Customary Units. 
On the computer prepared tables (tables n and m) Cp is designated CP and x/c is 
designated X/C. 


C 


P 


pressure coefficient, 



Cp, sonic pressure coefficient corresponding to local Mach number of 1.0 

c chord of airfoil, 63.5 cm (25.0 in.) 


c d 


section drag coefficient, 


l «i¥ 

Wake 


c^ point drag coefficient (ref. 8) 


Ac^ g drag increment due to shock-wave losses 

c m section pitching- moment coefficient about the quarter- chord point, 

/ c p(°- 25 -|)t ; -/ c p( 0 - 25 -|)^ 

l v ' U ' ' 

\ Ay \ A v 

c n section normal-force coefficient, ) Cp — - ) Cp — 

l u 

K surface curvature, reciprocal of local radius of curvature 

M Mach number 

m surface slope, dy/dx 
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p static pressure, N/m2 (lb/ft^) 

Apj. total-pressure loss, N/m^ (lb/ ft^) 

q dynamic pressure, N/m^ (lb/ft^) 

R Reynolds number based on airfoil chord 

x ordinate along airfoil reference line measured from airfoil leading edge, cm 

(in.) 

y ordinate normal to airfoil reference line, cm (in.) 

z vertical distance in wake profile measured from bottom of rake, cm (in.) 

a geometrical angle of attack of airfoil reference line, deg 

Subscripts: 

Z local point on airfoil 

max maximum 

00 undisturbed stream 

Abbreviations: 

Z airfoil lower surface 

u airfoil upper surface 

AIRFOIL DESIGN APPROACHES 

Airfoil sketches and surface slope and curvature distributions are shown in fig- 
ures 1 to 3. Airfoil coordinates are presented in table I. Small surface irregularities 
are greatly exaggerated when examined from the standpoint of local curvature. Conse- 
quently, the curvature distributions presented in figure 3 were obtained by smoothing the 
airfoil coordinates and then fairing a curve through the curvature distribution calculated 
from these smoothed coordinates. 
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Experimentally Designed Airfoil 


There seems to remain little doubt that for all practical purposes, a shock-free 
transonic flow can be realized experimentally. (See ref. 9.) During early phases of the 
NASA supercritical airfoil development program, an essentially complete elimination of 
the shock wave was achieved in a very narrow range of flow conditions. (See ref. 2.) It 
was later concluded, however, that off-design performance would suffer, particularly at 
normal-force coefficients below the design value, if undue emphasis was placed on a 
single-point shockless design goal. 

The airfoil referred to herein as the experimental airfoil is an improved 10-percent- 
thick supercritical airfoil (supercritical airfoil 26a, ref. 5) which was developed and 
refined through extensive wind-tunnel testing with attention to both design and off-design 
conditions. This airfoil had good drag rise characteristics over a fairly wide range of 
normal-force coefficients from about 0.30 to 0.65 with no perceptible drag creep (gradual 
buildup of boundary layer and shock losses preceding drag divergence). The drag diver- 
gence Mach number varied from approximately 0.82 at c n = 0.30 to 0.78 at c n = 0.80. 

Theoretically Designed Airfoil 

Much of the material contained in this section is comprehensively discussed in ref- 
erence 4 but repeated in abbreviated form herein for convenience. The detailed mathe- 
matics is beyond the intended scope of this report, however, and is not included. 

The complex hodograph method .- The complex hodograph method of reference 4 is 
a technique for computing airfoil sections with shock-free transonic flow about them at a 
specific Mach number and angle of attack. It is an inverse solution whereby a smooth 
transonic potential flow is computed and then the body which generates the flow 
determined. 

Briefly, the method is based on extending the physical plane and the hodograph plane 
into complex space where the problem of mapping from the complex hodograph space to 
the complex physical space is solved as a characteristic initial-value problem using a 
finite-difference scheme. With suitable selection of initial parameters, the method will 
generate shockless airfoil shapes (isentropic streamlines) in the real physical plane. 

Vi'scous considerations . - The potential flow thus computed is supposed to be the 
inviscid flow outside the boundary layer of the actual airfoil. It has become increasingly 
apparent, however, that to arrive at any meaningful results in transonic flow problems, 
account must be taken of viscosity since the position and strength of the shock terminating 
a region of supersonic flow and the phenomenon of flow separation are strongly influenced 
by the presence of the boundary layer. (See, for example, ref. 10.) For this investiga- 
tion the true geometric airfoil generating the computed flow was approximated by super- 
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imposing the effects of viscosity on the inviscid solution. This approximation was accom- 
plished by subtracting from the calculated airfoil a displacement thickness obtained from 
a boundary -layer prediction scheme based on the method of Nash and MacDonald (ref. 11) 
using the calculated inviscid pressure distribution. Such a procedure is analogous to the 
development of the experimentally designed airfoil where the desired pressure distribu- 
tion was developed in the wind tunnel on an effective airfoil shape which included both the 
geometrical airfoil and the boundary layer generated by the flow. 

Design considerations .- In practice, some of the initial input to the design program 
may be determined by requiring the solution (airfoil shape) to satisfy certain require- 
ments. The theoretical airfoil was required to be approximately 10 percent thick and to 
be shock free at a Mach number of 0.78 and a lift coefficient of about 0.6. These basic 
design guidelines were chosen because they were within the likely range of advanced tech- 
nology aircraft applications, and because data on an experimentally designed airfoil with 
the same general design conditions were available for comparison. 

Another design requirement was that after subtracting the boundary- layer displace- 
ment thickness, a thickness-chord ratio at the trailing edge of about 0.007 remains. This 
design consideration was established to provide a consistent basis for comparison with 
the experimental airfoil, which had a trailing-edge thickness- chord ratio of 0.007. 

Resultant theoretical airfoil .- The airfoil shape before boundary -layer adjustment, 
theoretical design surface pressure distributions, and the shape of the supersonic zone 
are shown in figure 4. At design conditions, the supersonic region is large and extends 
over about 70 percent of the upper surface. 

The boundary -layer scheme predicted separation near the 99-percent- chord station 
where the adverse pressure gradient at the trailing edge seemed to be overpredicted. 
Because of the overthickened boundary layer associated with this predicted separation 
region, irregularities appeared in the surface coordinates when the boundary-layer dis- 
placement thickness was subtracted from the design coordinates. Because such irregu- 
larities were not expected to occur physically, it was necessary to smooth the rear 7 or 
8 percent of the upper surface. 

To simplify model construction, the coordinate system of the theoretically designed 
airfoil was rotated so that it could be wrapped around an existing wind-tunnel model 
(supercritical airfoil 26a). These resultant coordinates, which include the boundary- 
layer displacement thickness adjustment and referred to hereafter as the theoretical air- 
foil, are the coordinates presented in table I. 

Figures 1 and 2 show a remarkable similarity between the theoretical and experi- 
mental airfoils. The most significant dissimilarity is in the curvature distribution over 
the rear upper surface (fig. 3) which strongly influences off-design characteristics. Dis- 



similarities over the lower surfaces should not be significant since experience has indi- 
cated that supercritical type airfoils are not extremely sensitive to changes on the lower 
surface. 


APPARATUS AND TECHNIQUES 
Models 

The wind-tunnel models, mounted in an inverted position, spanned the width of the 
tunnel with a span-chord ratio of 3.43. They were constructed with metal leading and 
trailing edges and with a metal core around which plastic fill was used to form the con- 
tours of the airfoils. Angle of attack was changed manually by rotating the model about 
pivots in the tunnel side walls. Sketches of one of the airfoils mounted in the tunnel and 
\iie profile drag rake are presented in figure 5 and a photograph of one of the airfoils and 
the profile drag rake mounted in the tunnel is shown as figure 6(a). Although not included 
in the sketches of figure 1, a trailing- edge cavity (fig. 6(b)) shown in reference 12 to have 
a favorable effect on the wake was included on both airfoils. 

Wind Tunnel 

The investigation was conducted in the Langley 8-foot transonic pressure tunnel. 
This tunnel is a continuous -flow, variable-pressure wind tunnel with controls that permit 
the independent variation of Mach number, stagnation pressure and temperature, and dew- 
point. It has a 2. 16-meter- square (85.2-inch-square) test section with filleted corners 
so that the total cross-sectional area is equivalent to that of a 2.44-meter-diameter 
(8-foot-diameter) circle. The upper and lower test-section walls are axially slotted to 
permit testing through the transonic speed range. The total slot width at the position of 
the model averaged about 5 percent of the width of the upper and lower walls. 

The solid side walls and slotted upper and lower walls make this tunnel well suited 
to the investigation of two-dimensional models since the side walls act as end plates and 
the slots permit development of the flow field in the vertical direction. 

Boundary- Layer Transition 

Based on the technique discussed in reference 13, boundary-layer transition was 
fixed along the 28-percent-chord line on the upper and lower surfaces of the models in an 
attempt to simulate full-scale Reynolds numbers (fig. 7) by providing the same relative 
trailing-edge boundary-layer-displacement thickness at model scale as would exist at 
full-scale flight conditions. The simulation technique, which requires that laminar flow 
be maintained ahead of the transition trip, is limited on the upper surface to those test 
conditions in which shock waves or other steep adverse pressure gradients occur behind 
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the point of fixed transition so that the flow is not tripped prematurely. Full-scale simu- 
lation on the lower surface would be valid through the Mach number range of the investi- 
gation since laminar flow can be maintained ahead of the trip for all conditions. The 
transition trips consisted of 0.25-cm-wide (0.10-inch) bands of number 90 carborundum 
grains. 

In order that the experimental results for the theoretically designed and the experi- 
mentally designed airfoils be consistent, the theoretical boundary layer discussed pre- 
viously was calculated at a Reynolds number of 20 x 10® with transition occurring between 
the 6- and 7- percent- chord line. 


Measurements 

Surface-pressure measurements .- Normal force and pitching moments acting on the 
airfoils were determined from surface static-pressure measurements. The surface- 
pressure measurements were obtained from a chordwise row of orifices located approx- 
imately 0.32c from the tunnel center line. Orifices were concentrated near the leading 
and trailing edges of the airfoil to define the severe pressure gradients in these regions. 

In addition, a rearward-facing orifice was included in the cavity at the trailing edge 
(identified at an upper surface x/c location of 1.00). Actual orifice locations are 
included in tables II and III. The transducers used in the differential pressure scanning 
valves to measure the static pressure at the airfoil surface had a range of ±68.9 kN/m 2 
(10 lb/in 2 ). 

Wake measurements .- Drag forces acting on the airfoils, as measured by the 
momentum deficiency within the wake, were determined from vertical variations of the 
total and static pressures measured across the wake with the profile drag rake shown in 
figure 5(b). The rake was positioned in the vertical center-line plane of the tunnel, 
approximately 1 chord length rearward of the trailing edge of the airfoil. The total- 
pressure tubes were flattened horizontally and closely spaced vertically (0.36 percent of 
the airfoil chord) in the region of the wake associated with skin-friction boundary- layer 
losses. Outside this region, the tube vertical spacing progressively widened until in the 
region above the wing where only shock losses were anticipated, the total-pressure tubes 
were spaced apart about 7.2 percent of the chord. Static-pressure tubes were distributed 
as shown in figure 5(b). The rake was attached to the conventional center-line sting mount 
of the tunnel which permitted it to be moved vertically to center the close concentration of 
tubes in the boundary- layer wake. 

Total and static pressures across the wake were also measured with the use of dif- 
ferential pressure scanning valves. The transducer in the valve connected to total- 
pressure tubes intended to measure boundary- layer losses had a range of ±17.2 kN/m 2 



(2.5 lb/in.2) ; and the transducer in the valve for measuring shock losses and static pres- 
sure had a range of ±6.9 kN/m2 (1 lb/in^). 

Reduction of Data 

Calculation of c n and c m .- Section normal-force and pitching- moment coeffi- 
cients were obtained by numerical integration (based on the trapezoidal method) of the 
local surface-pressure coefficient measured at each orifice multiplied by an appropriate 
weighting factor (incremental area). 

Calculation of c^.- To obtain section drag coefficients, point drag coefficients were 

computed for each total-pressure measurement in the wake by using the procedure of ref- 
erence 8. These point drag coefficients were then summed by numerical integration 
across the wake (also based on the trapezoidal method). 

Wind-Tunnel Wall Effects 

Two main types of wind-tunnel-boundary interference effects which may be treated 
separately are solid and wake blockage at zero lift and lift-induced interference. Block- 
age effects are theoretically small for this particular model-tunnel configuration (for 
example, ref. 14); consequently, no corrections have been applied to the data to account 
for blockage effects. Lift interference manifests itself as an effective upward inclination 
(relative to the tunnel center line) of the stream approaching the inverted model. This 
flow angularity is proportional to the amount of lift generated by the model and results in 
the aerodynamic angle of attack being less than the measured geometric angle of attack, 
particularly at the higher lift coefficients. Experience has indicated, however, that the 
correction required to account for lift interference effect is generally much smaller than 
would be predicted by theory and because of this uncertainty, the uncorrected geometric 
angles of attack are used herein. 


TEST CONDITIONS 

Tests were conducted at Mach numbers from 0.50 to 0.83 for a stagnation pressure 
of 0.101S MN/m2 (1 atmosphere). The stagnation temperature of the tunnel air was auto- 
matically controlled at approximately 322 K (120° F) and the air was dried until the dew- 
point in the test section was reduced sufficiently to avoid condensation effects. Resultant 
test Reynolds numbers based on the airfoil chord are as shown in figure 7. 

PRESENTATION OF RESULTS 

The data contained in this report are arranged in the following figures: 
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Section force and moment characteristics ; . . 8 

Summary of section drag coefficients 9 

Drag divergence Mach numbers 10 

Representative pressure distribution at c n values near 0.6 11 

Drag due to wave losses 12 

Theoretical and nearest experimental pressure distributions 13 

Representative wake profiles . 14 

Subcritical drag levels 15 

Chordwise pressure distributions 16 to 26 


The wake profiles in figure 14 are representative of the momentum losses as indi- 
cated by stagnation pressure deficit across the wake. The middle section of these pro- 
files reflect viscous and separation losses in the boundary layer, whereas, the "wings" 
of the profiles reflect direct losses in stagnation pressure across the shock waves. Drag 
increments due to shock-wave losses ^Ac^ may be determined from integration of the 

drag measured across the wings. Drag divergence Mach number shown in figure 10 was 
defined as the point where the slope of the curve of section drag coefficient as a function 
of Mach number equaled 0.1. 


DISCUSSION 
Theoretical Airfoil 

Basic aerodynamic characteristics .- Figures 9 and 10 indicate that near the design 
normal-force coefficient of 0.60, drag divergence occurs at a Mach number slightly higher 
than the design Mach number of 0.78. The drag increments shown in figure 12 also indi- 
cate that wave losses at c n = 0.6 did not become significant until Mach numbers greater 
than about 0.79. 

The theoretical airfoil experienced a gradual buildup of drag with increasing Mach 
number (referred to as drag creep) over the range of normal-force coefficients in fig- 
ure 9. For c n values of 0.55 and 0.60, the drag level dips near the design Mach num- 
ber to a level below the subcritical (M = 0.50) drag level. 

The increase in drag preceding the dip in the drag of the theoretical airfoil may be 
associated with the nature of the leading- edge recompression as illustrated in figures 11. 
Between M = 0.50 and 0.70, the increase was due to the influence of the recompression 
on the boundary layer since there are no perceptible wave losses at c n = 0.6 in fig- 
ure 12. As Mach number was increased to 0.74, wave losses began to appear. 

Since wave losses appear in figure 12 to be about the same as M = 0.74 and at 
near-design Mach numbers, the dip in the drag must be accounted for by factors other 



than wave losses. Several interrelated factors are involved. First, and most important, 
the adverse interaction of the shock wave with the boundary layer would vary with Mach 
number. Figure 11 shows how the shock wave changes location and character as M 
increases from 0.74 to 0.78 and 0.79. Second, natural boundary -layer transition would be 
expected to occur ahead of the transition trip at the lower Mach number because of the 
pressure gradient through the forward recompression. As the Mach number increased 
above 0.74, the point of natural transition would move rearward to the transition trip 
(x/c = 0.28); thus, the extent of turbulent boundary- layer losses is reduced. Third, the 
lower drag level at near-design Mach numbers than at subcritical Mach numbers would 
be partially due to the reduced skin-friction losses at the higher test Reynolds number. 

(See fig. 7.) 

Comparison of design and experimental pressure distributions .- A comparison 
between the computed pressure distribution and the nearest experimental pressure dis- 
tribution is shown in figure 13. As with the Mach number discrepancy noted in the drag 
characteristics, the nearest experimental pressure distribution occurred at a Mach num- 
ber (M = 0.79) about 0.01 higher than the design Mach number (M = 0.78). 

A cursory analysis of this experimental pressure distribution would indicate that 
shockless flow was not achieved experimentally since a rather abrupt recompression is 
evident in the vicinity of the 60-percent-chord station. The wake profiles (fig. 14) and 
incremental drag attributed to wave losses (fig. 12) at these conditions, however, suggest a 
somewhat different interpretation. Although not truly shockless from a theoretical view- 
point, the airfoil approaches a minimum wave loss condition from an engineering viewpoint 
since only about four counts of wave drag ^Ac^ g = 0.0004^ may be associated with this 

pressure recompression. Profiles with such innocuous shock waves are in accordance 
with the concept of isentropically reducing the fieldwise extent of wave losses incorporated 
into supercritical airfoils. As Mach number was increased to 0.80, the shock wave moved 
rearward where it began to merge with the trailing- edge recovery and significant wave 
losses resulted. (See figs. 12 to 14.) 

It is interesting to compare the local upstream Mach number entering the shock 
wave in the experimental pressure distributions of figure 13 with the generally accepted 
rule of thumb that with a normal shock wave, upstream Mach numbers of 1.15 can be 
tolerated without a drag rise. The local Mach number entering the shock wave (after 
some gradual recompression) of the M = 0.79 distribution (circle symbols) was approx- 
imately 1.1 whereas that of the M = 0.80 distribution (square symbols) had risen to 
almost 1.2 with a. corresponding increase in wave losses. 

The best drag-divergence characteristics (M = 0.81, fig. 10) seemed to occur at a 
normal-force coefficient of about 0.5, which is below the design value. Figure 12 shows 
that wave losses are practically zero at these conditions. The corresponding surface 
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pressure distribution is shown in figure 24(d). These data suggest an empiricism that 
would involve specifying that the theoretically derived airfoil satisfy a slightly higher 
normal-force coefficient requirement than the desired design value. 

Comparison With Experimental Airfoil 

Aside from simply establishing the experimental characteristics of an airfoil theo- 
retically designed for shockless transonic flow, it was the purpose of this investigation to 
see how these experimental characteristics compare with those of a supercritical airfoil 
experimentally designed for similar conditions. 

Normal-force and pitching-moment characteristics .- Displacements in the normal- 
force and pitching- moment characteristics shown in figure 8 were due to the relatively 
lower aft camber of the theoretical airfoil. 

Drag characteristics .- The subcritical drag levels (summarized in fig. 15 for 
M = 0.50) were generally lower for the theoretical airfoil. The pressure profiles of fig- 
ure 16 indicate that the lower subcritical drag levels are due to the influence on the bound- 
ary layer of the lower leading- edge velocity peaks ^less negative value of Cp^) and the less 
adverse pressure gradient near the trailing edge. Such differences in the pressure pro- 
files are, in turn, related to the minor physical differences between the two airfoils; the 
lower leading-edge velocity peak to the smaller leading-edge radius (table I), and the 
reduced adverse pressure gradient near the trailing edge to the lower aft camber. Up to 
normal-force coefficients near 0.6, the experimental airfoil did not evidence drag creep 
like that experienced by the theoretical airfoil (fig. 9) because of the more favorable 
recompression over the forward upper surface of the experimental airfoil. 

Around the design normal-force coefficients ^approximately c n = 0.5 to 0.6^ and at 

Mach numbers near those at which drag divergence occurs, the drag levels of the theo- 
retical airfoil are a little lower than those of the experimental airfoil because of the pre- 
viously discussed dip in the drag rise curves. However, there was good agreement in the 
drag divergence Mach numbers (fig. 10) at these, and higher, normal-force coefficients. 

At normal-force coefficients less than 0.5, the drag divergence Mach numbers for 
the theoretical airfoil leveled off and were lower than those of the experimental airfoil. 

The poorer drag divergence characteristics at these low off-design conditions are caused 
by an overexpansion of the flow in the vicinity of the 70-percent chord (see, for example, 
figs. 24 and 25) with attendant boundary -layer and wave losses (fig. 12). The overexpan- 
sion was due to the relatively higher upper surface curvature (fig. 3) of the theoretical 
airfoil in this region. 

Necessity for off-design considerations .- Although the aerodynamic characteristics 
of the two airfoils were generally very similar, subtle, but significant, differences were 
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present. These differences suggest that undue emphasis should not be placed on a single- 
point shockless design but that off-design behavior must be considered. The data also 
imply that in a practical situation, a more realistic design approach would be a trade-off 
between minimum wave losses at design conditions and acceptable characteristics at off- 
design conditions. Certainly, off-design characteristics cannot be ignored. 

Evaluation of the Complex Hodograph Method 

Overall, the experimental aerodynamic characteristics of the airfoil designed by the 
complex hodograph method were excellent. In addition, except for several off-design 
characteristics of the theoretically designed airfoil ^drag creep and reduced drag diver- 
gence Mach numbers at low c n j which were not as good as those of the experimentally 
designed supercritical airfoil, agreement between the two airfoils was generally good. 

The results indicate that if used in conjunction with an adequate analysis program 
to evaluate off-design behavior, the complex hodograph method can be a valuable design 
tool. 

CONCLUSIONS 

The experimental aerodynamic characteristics of a 10-percent-thick airfoil theo- 
retically designed to be shock free at Mach 0.78 and normal-force coefficient c n of 0.59 
have been evaluated and compared with those of an improved supercritical airfoil experi- 
mentally designed for similar design conditions. The results indicate the following major 
conclusions: 

1. Except for slight degradation at off-design conditions ^drag creep and reduced 
drag divergence Mach numbers at low c n ), the experimental aerodynamic characteristics 
of the theoretical airfoil compared well with those of the experimentally designed airfoil. 

2. Undue emphasis on a single-point shockless design goal would more than likely 
compromise off-design characteristics. A more realistic design goal would be a mini- 
mum wave loss design point which would also provide acceptable off-design 
characteristics. 

3. The complex hodograph design method can be a valuable design tool if used in 
conjunction with an adequate analysis program to evaluate off-design characteristics. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., May 21, 1974. 
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TABLE I.- SECTION COORDINATES 


[c = 63.5 cm (25 inches)^ 



Experimental 

airfoil 


Theoretical 

airfoil 


a) (z) (z) 

’/u \Vi Vc/ U W z 


122 
163 
212 
244 
.0269 
.0290 
.0308 
.0324 
.0339 
.0352 
.0364 
.0375 
.0385 
.0395 
.0404 
.0412 
.0420 
.0427 
.0434 
.0440 
446 
452 
.0457 
.0462 


.0474 

.0477 




































TABLE I.- SECTION COORDINATES - Concluded 


c = 63.5 cm (25 inches) 


x/c 

Experimental 

airfoil 

Theoretical 

airfoil 



(Z) 


0.79 


-0.0044 


-0.0095 

.80 

.0343 

-.0028 

■SB 

-.0076 

.81 

.0333 

-.0013 

■SB 

-.0058 

.82 

.0323 

+.0001 

sag 

-.0042 

.83 

.0312 

.0014 


-.0027 

.84 

.0301 

.0026 

.0296 

-.0014 

• .85 

.0289 

.0036 

.0284 

-.0003 

.86 

.0277 

.0045 

.0272 

+.0006 

.87 

.0264 

.0052 

.0259 

.0014 

.88 

.0250 

.0057 

.0245 

.0020 

.89 

.0235 

.0060 

.0230 

.0024 

.90 

.0219 

.0061 

.0214 

.0027 

.91 

.0202 

.0061 

.0197 

.0028 

.92 

.0184 

.0059 

.0180 

.0027 

.93 

.0165 

.0054 

.0162 

.0024 

.94 

.0145 

.0046 

.0143 

.0018 

.95 

.0124 

.0035 

.0123 

+.0010 

.96 

.0102 

.0021 

.0102 

.0 

.97 

.0079 

+.0004 

.0080 

-.0011 

.98 

.0055 

-.0016 

.0056 

-.0025 

.99 

1.00 

.0029 

-.0039 

-.0066 

.0029 



x/c 

Experimental 

airfoil 

Theoretical 

airfoil 

(1) 

u 


«L 


0.57 

0.0476 

-0.0408 


-0.0423 

.58 

.0473 

-.0397 

HU 

-.0415 

.59 

.0470 

-.0386 

.0482 

-.0406 

.60 

.0466 

-.0374 

.0478 

-.0397 

.61 

.0462 

-.0361 

.0474 

-.0387 

.62 

.0458 

-.0347 

.0470 

-.0377 

.63 

.0454 

-.0332 

.0466 

-.0366 

.64 

.0450 

-.0316 

.0462 

-.0354 

.65 

.0445 

-.0299 

.0457 

-.0341 

.66 

.0440 

-.0282 

.0452 

-.0328 

.67 

.0435 

-.0264 


-.0314 

.68 

.0430 

-.0246 


-.0299 

.69 

.0424 

-.0227 


-.0283 

.70 

.0418 

-.0208 

.0427 

-.0267 

.71 

.0412 

-.0189 

.0420 

-.0250 

.72 

.0406 

-.0170 

.0413 

-.0232 

.73 

.0399 

-.0151 

.0405 

-.0214 

.74 

.0392 

-.0132 

.0397 

-.0195 

.75 

.,385 

-.0114 

.0389 

-.0175 

.76 

.0377 

-.0096 

.0380 

-.0155 

.77 

.0369 

-.0078 

.0371 

-.0135 

.78 

.0361 

-.0061 

.0361 

-.0115 
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TABLE II.- SURFACE PRESSURE DISTRIBUTIONS; EXPERIMENTAL AIRFOIL (26a) - Continued 

(b) o*0° 












































TABLE II .- SURFACE PRESSURE DISTRIBUTIONS: EXPERIMENTAL AIRFOIL (26a) - Continued 

(c) o = 0.5° 


1 : 1 

x/c 

M =0 .50 

H =0.60 

X 

it 

o 

o 

k * 0 . 74 

«*0. lb 

M *0. 7 b 

M =0. 79 

H =0 . 60 

M = 0. 8 1 

M =0. 02 

M =0.83 

A/C | 

UPPER SURFACE 

0.000 





1.155 

1.159 

1. 169 

1.171 

1.177 

1.183 

1.187 

0.000 

.003 





.502 

.5**6 

.556 

• 360 

.603 

.627 

.648 

.003 

• 012 





-.425 

- .405 

-.341 

-.324 

-.296 

-.258 

-.220 

.012 

.016 





-.607 

-.540 

-.4 93 

-.479 

-.418 

-.423 

-.365 

.016 






.-.757 

-.706 

-.655 

-.652 

- .601 

-.557 

-.529 

.029 

H I ? 





-. 7 57 

-.724 

-.719 

-.091 

-.689 

-.610 

-.586 

.046 






“ .036 

- .636 

-.643 

-.643 

-.584 

-.555 

-.540 

.071 

. 098 





-.608 

-.627 

-.6 08 

-.590 

-.570 

-.594 

-.521 

.098 

.150 





-.573 

-.620 

-.628 

- .606 

-.590 

-.563 

-.552 

. 150 

.200 





-.521 

- • 5 o 4 

-.637 

-.626 

- .621 

-.604 

-.569 

.200 

.250 





-.499 

-.553 

605 

-• ol 5 

-.623 

-.612 

-.592 

. 250 

.301 





-.499 

-.549 

-.585 

-.605 

-.615 

-.609 

-.509 

. 301 

. 351 





-.497 

-.511 

-.487 

- . 582 

-.598 

-.600 

-.602 

.351 

.398 





-.466 

-.520 

-.524 

-.583 

-.631 

-.628 

-.622 

.398 

.<**8 





-.482 

-.510 

-.534 

-.483 

-.620 

-.626 

-.621 

.446 

. 499 





-.467 

-.519 

-.537 

-.532 

-.624 

-.639 

-.638 

.499 

.549 





-.475 

-.511 

-.526 

-.553 

-.517 

-.660 

-.653 

. 549 

. 600 





-.477 

-.509 

-.5 34 

- . 566 

-.589 

-.698 

-.697 

.600 

.652 





-.476 

-.315 

-.541 

-.595 

-.628 

-.655 

-.715 

.65 2 

. /oo 





-.472 

-.494 

-.509 

- .580 

-.557 

-.679 

-.699 

. 700 

. 750 





-.459 

- .4 76 

-.493 

-.464 

-.517 

-.753 

-.757 

.75 0 

.801 






- .4 o 1 

-.468 

- .4 o 5 

-.452 

-.488 

-.782 

.801 

. 850 





■ 

- .405 

-.405 

-.399 

-.394 

-.304 

-.324 

■ 65 0 

. d 99 






- • 265 

-.283 

-.270 

-.258 

-.207 

-.164 

.899 

.932 





i^c ' 

-.196 

-.188 

-.17 <r 

-.172 

-.129 

-.091 

.932 

.972 





-.030 

-.025 

-.011 

-.011 

-.003 

.011 

.007 

.972 

.989 





.02 7 

.038 

.047 

.047 

.053 

.055 

.037 

.989 

1. 000 





.054 

.060 

.061 

• 066 

.066 

.068 

.046 

1.000 

LUrtEk SURFACE 

.006 





.426 

.446 

.452 

.452 

.448 

.424 

.425 

.006 

.011 





.064 

.052 

.066 

.048 

.052 

.047 

.035 

.011 

.020 





-.097 

-.066 

-.098 

-. 084 

-.087 

-.092 

-.103 

.020 

.029 





-.143 

-.150 

-.168 

-.155 

-.167 

-.150 

-.179 

.029 

.048 





-.216 

-.230 

-.253 

-.235 

-.258 

-.272 

-.270 

.048 

.069 





-.<24 

-.242 

-.237 

- .246 

-.238 

-.274 

-.282 

.06 9 

.102 





-.236 

-.240 

-.255 

-.264 

- .289 

-.300 

-.307 

. lu 2 

.151 





-.260 

-.274 

-.286 

-.307 

-.318 

-.315 

-.359 

.151 

. 199 





-.276 

-.291 

-.3 04 

-.318 

-.332 

-.353 

-.367 

. 199 

.251 





-.2 66 

-.30 o 

-.312 

-.331 

-.351 

-.379 

-.417 

.251 






-.291 

-.308 

-.319 

-.333 

-.348 

-.374 

-.426 

.299 

B* - >1 





-.291 

- .309 

-.320 

-.330 

-.349 

-.365 

-.389 

.35 0 






-.261 

- .307 

-.316 

-.325 

-.340 

-.362 

-.404 

.400 

.451 





-.287 

-.308 

-.316 

-.333 

-.351 

-.365 

-.403 

.451 

.500 





-.2 87 

-.306 

-.319 

-.326 

-.342 

-.357 

-.393 

.500 

.549 





-.2 52 

-.259 

-.267 

-.274 

-.281 

-.291 

-.305 

.549 

. 598 





-.173 

-.179 

-.178 

-.183 

-.178 

-.182 

-.190 

.598 

.649 





-.034 

-.034 

-.031 

-.034 

-.032 

-.025 

-.029 

.649 

.699 





.124 

.131 

.135 

.141 

.145 

.146 

.143 

.699 

. 74 7 





• 246 

.255 

.260 

• 260 

.264 

• 266 

.267 

.74 7 

.800 





.347 

.350 

.352 

.355 

.354 

.360 

.358 

.800 

.850 





.414 

.412 

.417 

.421 

.416 

.422 

.422 

.850 

.899 





.445 

.450 

.456 

.458 

.454 

.459 

.459 

.899 

.929 





-450 

.454 

.456 

.463 

.466 

• 46 4 * 

.468 

.929 

. 950 





.443 

• 446 

.451 

.457 

.455 

.460 

.457 

.950 

.998 





.059 

.066 

.068 

.072 

.077 

.079 

.046 

.996 


635 


2 

















TABLE II.- SURFACE PRESSURE DISTRIBUTIONS; EXPERIMENTAL AIRFOIL (26a) - Continued 

(d) a » 1,0° 


CP AT - 


A/C 

K -0.50 

H * Q .60 

M a Q . 70 

N » Q . 74 

M -0. I « 

K a 0. 78 

K =0. 79 

M = Q .8 Q 

M * 0 • 8 l 

H =0.82 

M ® 0. 83 

X/C 

UPPER SURFACE 

0. 000 

1.019 

mmm 

1.110 

1.137 

1.15 J 

1.159 

1.163 

1 . 1 o 7 

1.171 

1.181 

1.181 

0.000 

• 003 

-.022 


.259 

. 376 

• 408 

• 452 

.481 

• 50 o 

• 536 

.559 

.580 

.003 

.012 

-1.043 


-.777 

-.657 

-.580 

-.479 

-.448 

-.428 

-.389 

-.331 

-.294 

.012 

.016 

-1.029 

-1.056 

-.954 

-.849 

-.728 

-.071 

-.625 

-.575 

-.532 

-.484 

-.433 

.016 

• 029 

-.695 

-.958 

-1.012 

-.959 

-.903 

-.810 

-.794 

-.750 

-.717 

-.664 

-.618 

.029 

• 046 

-•783 

-.790 

-.866 

-.937 

-.950 

-.683 

-.858 

-.808 

- .768 

-.726 

-.673 

.046 

.071 

-•636 

-.658 

-.721 

-.846 

-.853 

-• o 3 i 

-. 785 

-.7*9 

-.743 

-.675 

-.647 

.071 

• 09 a 

-•561 

-.586 

-.625 

-.634 

-.73 b 

-.844 

-.790 

-.756 

-.741 

-.695 

- .659 

.098 

. 150 

-.497 

-.525 

-.570 

-.608 

-.008 

-.719 

-.730 

-.705 

-.693 

-.652 

-.628 

.150 

.200 


-.490 

-.540 

-.572 

-.395 

-.682 

-.697 

-.683 

-.679 

-.653 

-.627 

.200 

K.a 


-.460 

-.509 

-.550 

-.573 

-.651 

-.6 92 

. -.699 

-.698 

-.677 

-.638 

.250 



-.454 

-.500 

-.537 

-.577 

-.589 

-.691 

-.695 

-.690 

-.663 

-.643 

.301 

ffiSfil * • ft 


-.439 

-.488 

. -.516 

-.537 

-.516 

-.653 

-.698 

-.689 

-.6 76 

-.652 

.35 1 

.396 


-.430 

-.475 

-.501 

-.523 

MK 1 

-.665 

-.692 

.-.702 

-.685 

-.666 

.398 

.448 

-.400 

-.420 

-.463 

-.491 

-.512 


-.492 

-. 704 

-.706 

-.695 

-.681 

• 448 

.499 

-.397 

-.417 

-.462 

-.491 

-.ill 

M 'S 

-.517 

-.703 

-.703 

-.712 

-.695 

.499 

. 549 

-•384 

-.405 

-.444 

-.483 

-.499 



- .694 

-.715 

-.719 

-.699 

.549 

• 600 

-.384 

-.409 

-.448 

-.480 

-.493 

-.544 


-.534 

-.756 

-.755 

-.746 

.600 

.652 

-.377 

-.402 

-.441 

-.465 

— »48 o 

-.531 


-.477 

-.764 

-.790 

-.780 

.652 

. 700 

-.378 

-.395 

-.436 

-. 46 to 

-.479 

-.520 

-.535 

-.494 

-.590 

-.821 

-.809 

.700 

.750 

K - 

-.386 

-.423 

-.443 

-.402 

-.480 

-.491 

-.490 

-.406 

-.862 

-.861 

.750 

.801 


-.379 

-.410 

-.427 

- .438 

-.456 

-.466 

-.475 

-.393 

-.522 

-.793 

.801 

. 850 


-.363 

-.378 

-.390 

-.400 


-.403 

-.396 

-.360 

-.279 

-.297 

.850 

.899 


-.288 

-.292 

-.288 

-.278 


-.281 

-•2 o 6 

-.236 

-.172 

-.171 

,899 

.932 


-.228 

-.220 

-.209 

-.197 

BltB 

-.180 

-.178 

-.158 

-.103 

-.105 

.932 

.972 


-.080 

-.057 

^^7 • 

-.030 

-.018 

-.012 

-.007 

-.000 

.010 

-.024 

.972 

.989 

-.032 

-.015 

.009 

Ift » vlsiS 

.029 

.036 

.044 

.048 

.052 

.043 

.000 

.989 

1.000 

.011 



.021 

.035 

Sill 

.0*7 

.062 

• 061 

.062 

• 067 

.056 

.019 

1.000 



LU-fck SURFACE 

.006 

.600 

.570 

.580 

.566 

■KTm 

.553 

.553 

.540 

.536 

.524 

.496 

.006 

.011 

.229 

.237 

.220 

. 183 


• 184 

.180 

.177 

.152 

.146 

.133 

.011 

.020 

.106 

.085 

.060 

.057 


.014 

.019 

.030 

.019 

-.013 

-.028 

.020 

.029 

.011 

.010 

-.009 

-.011 

-.050 


-.051 

-.064 

-.074 

-.088 

-.110 

.029 

.048 

-.055 

-.065 

-.094 

-.114 

-.120 


-.133 

-.147 

-.151 

-.170 

-.102 

.048 

.069 

-.076 

-.115 

-.128 

-.154 

-.150 


-.156 

-.177 

-.183 

-.196 

-.215 

.069 

.102 


-.131 

-.150 

-.155 

— « 1 62 

-.176 

-.184 

-.191 

-.192 

-.216 

-.230 

.102 

.151 

R Tft 

-.155 

-.176 

-.16 to 

-.2 06 

-.199 

-.218 

-.227 

-.229 

-.251 

-.270 

.151 

.199 


-.173 

-.192 

• -.210 

-.219 

-.233 

-.243 

-.256 

-.260 

-.282 

-.304 

.199 

.251 

-.168 

-.184 

-.207 

-.221 

-.229 

-.247 

-.257 

- .2 o 6 

-.279 

-.305 

-.341 

.251 

.299 

-.148 

-.168 

-.2 05 

-.221 

-.235 

-.248 

-.262 

-.270 

-.279 

f4c 1 : 

-.344 

.299 

.350 

-.163 

-.177 

-.210 

-.231 

-.240 

-.254 

-.266 

-.281 

-.287 

lie 1 • fftri 

-.350 

.350 

.400 

-.165 

-.184 

-.215 

-.234 

-.248 

-.260 

-.272 

-.28* 

-.292 

19 1 - ttSl: 

-.360 

.400 

• 451 

-.180 

-.197 

-.225 

-.244 

-.2 52 

-.272 

-.280 

-.292 

-.293 


-.364 

.451 

• 500 

-.167 

-.200 

-.230 

-.249 

-.261 

-.274 

-.283 

-.291 

-.302 

pE 1 • Tfti 

-.368 

. 500 

.549 

-.167 

-.186 

-.210 

-.219 

-.225 

-.237 

-.239 

-.2*5 

-.245 

-.261 

-.298 

.549 

.598 

-.126 

-.136 

-.145 

— • 15 a 

-.158 

-.162 

-.160 

-. loO 

-.161 

-.170 

-.186 

.598 

.649 

-.033 

-.038 

-.030 

-.029 

-.024 

- .0*4 

-.027 

-.021 

-.021 

-.020 

-.033 

.649 

. 699 

.096 

.104 

.119 

.132 

.133 

.143 

.148 

.149 

.151 

.150 

.145 

.699 

.747 

.208 

.226 

.243 

.250 

.259 

.268 

.271 

.275 

.276 

.274 

.266 

.747 

. 800 

.308 

.323 

.345 

.354 

.357 

! .360 

.371 

.375 

.373 

.372 

.361 

.800 

.650 

• 375 

.392 

.411 

.420 

.425 

1 .433 

.433 

.436 

.438 

.438 

.430 

.850 

.899 

.409 

.425 

.449 

.457 

.459 

.468 

.471 

.476 

.475 

.473 

.464 

.899 

.929 

.404 

.423 

.448 

.457 

.46* 

.470 

.472 

.477 

.479 

.478 

.465 

.929 

.950 

.393 

.412 

.430 

.445 

.453 

.463 

.461 

.466 

.469 

• 46 o 

.454 

.95 0 

.998 

.012 

.021 

.033 

.040 

.040 

.057 

.061 

• 067 

.070 

• 056 

.017 

.990 


6 35 1 
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TABLE HI.- SURFACE PRESSURE DISTRIBUTIONS; THEORETICAL AIRFOIL - Continued 


(b) a = 0° 














































TABLE IB.- SURFACE PRESSURE DISTRIBUTIONS: THEORETICAL AIRFOIL - Continued 
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TABLE HI.- SURFACE PRESSURE DISTRIBUTIONS; THEORETICAL AIRFOIL - Continued 
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TABLE IB.- SURFACE PRESSURE DISTRIBUTIONS; THEORETICAL AIRFOIL - Continued 


(e) o =. 1.5° 


f 41 - 

x/t 

M *0.50 

H - O .60 

M -0.70 

M =0.74 

M * 0. 7 o 

H »0. 78 

M -0. 79 

H »0. 60 

M = 0.01 

M -0.82 

M >0.83 

X/C 

UPFEA SURFACE 

0. 000 

.478 

1.043 

1.091 

1.122 

1.13 o 

1.155 

1.160 

1.167 

1.174 

1.176 


0.000 

• UU 3 

- .346 

-.207 

.031 

. 14^ 

.218 

.291 

.316 

• 348 

.371 

.421 


• 003 

.012 

-1.046 

-.993 

-.761 

-.635 

-.546 

-.463 

-.417 

-.390 

-.343 

-.272 


.012 

• 016 

-1.103 

-1.108 


-. 770 

-.696 

-.804 

-.569 

-.551 

-.473 

-.440 


.016 

.029 

-.965 

-.985 


-.927 

-.835 

-.755 

-.742 

-.660 

-.638 

-.572 


.029 

• 046 

-.660 

-.912 


-1.010 

-.972 

- .876 

-.849 

-.766 

-.756 

-.707 


.046 

.071 

-.709 

-.771 


-1.005 

-.951 

-.676 

-.834 

-.767 

-.764 

-.716 


.071 

.098 

-.611 

-.632 

-.630 

-.996 

-.988 

-.937 

-.692 

-.864 

-.833 

-.794 


.098 

• ISO 

-.511 

-.544 

-.580 

-.446 

-.695 

-.675 

-.847 

-.816 

-.791 

-.745 


• 150 

• 2 u 0 

-.466 

-.511 

-.556 

-.560 

-.6 84 

-.655 

-.853 

-.610 

-.778 

-.743 


.200 

.250 

-.460 

-.487 

-.524 

-.552 

-.487 

-.813 

-.804 

-.7 71 

-.750 

-.715 


.250 

.301 

-.450 

-.479 

-.530 

-.579 

-.601 

-.757 

-.763 

-.765 

-.740 

-.711 


.301 

.351 

-.423 

-.449 

-.494 

-.526 

-.526 

-.701 
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TABLE III.- SURFACE PRESSURE DISTRIBUTIONS: THEORETICAL AIRFOIL - Concluded 
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Figure 2.- Chordwise distribution of airfoil surface slopes. 
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Figure 2.- Concluded. 
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Figure 3.- Upper surface curvature distribution. 
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Figure 4.- Theoretical inviscid shockless lifting airfoil with indicated Mach lines in 

supersonic zone. M = 0.78; c n = 0.59. 
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Figure 6.- Concluded. 








o Experimental airfoil 
a Theoretical airfoil 





(d) M = 0.74. 
Figure 8.- Continued. 


o Experimental airfoil 
□ Theoretical airfoil 
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Figure 9.- Continued. 
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Figure 9.- Concluded. 





Figure 10.- Drag divergence Mach numbers. 
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o Experimental airfoil 
□ Theoretical airfoil 



Figure 12.- Drag due to shock loss. 
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Figure 13.- Comparison of design and experimental pressure 
distributions of theoretical airfoil. 




































































Chordwise pressure distribution for experimental and theoretical supercritical airfoils 
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Figure 17.- Continued. 
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Figure 17.- Continued. 
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Figure 17.- Continued. 
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Figure 18.- Continued. 
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Figure 19.- Chordwise pressure distribution for experimental and theoretical supercritical airfoils. 
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Figure 19.- Continued. 
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Figure 19.- Continued. 
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(a) M = 0.76; a = -0.5 U . 

Figure 20.- Chordwise pressure distribution for experimental and theoretical supercritical airfoils. 
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Figure 20.- Continued. 















Figure 20.- Continued. 
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Figure 20.- Continued. 
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Figure 20.- Continued. 
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Figure 20.- Concluded. 
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d) M = 0.78; a = 1.0°. 
Figure 21.- Continued. 
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Figure 21.- Continued. 
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Figure 21.- Concluded. 
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Figure 22.- Continued. 
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Figure 22.- Continued. 
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Figure 22.- Continued. 
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0 M = 0.79; a = 2.0°. 
Figure 22.- Continued. 
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Figure 23.- Continued. 
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Figure 23.- Continued. 
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Figure 23.- Concluded. 
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(a) M = 0.81; a = -0.5°. 

Figure 24.- Chordwise pressure distribution for experimental and theoretical supercritical airfoils. 
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Figure 24.- Continued. 
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Figure 24.- Continued. 
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Figure 25.- Continued. 
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Figure 25.- Continued. 
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Figure 25.- Continued. 











Figure 25.- Continued. 
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Figure 25.- Concluded. 
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(a) M = 0.83; a = -0.5°. 

Figure 26.- Chordwise distribution for experimental and theoretical supercritical airfoils. 
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Figure 26.- Continued. 
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Figure 26.- Concluded. 
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